The present work reports a vibrational spectroscopic study of several b-methyl-b-nitrostyrene derivatives, which are important intermediates in the synthesis of illicit amphetamine-like drugs, such as 3,4-methylenedioxymethamphetamine (MDMA), 3,4-methylenedioxyamphetamine (MDA), p-methoxyamphetamine (PMA) and 4-methylthioamphetamine (4-MTA). A complete conformational analysis of 3,4-methylenedioxy-b-methyl-b-nitrostyrene (3,4-MD-MeNS), 4-methoxy-b-methyl-b-nitrostyrene (4-MeO-MeNS), 4-methylthio-b-methyl-b-nitrostyrene (4-MeS-MeNS), was carried out by Raman spectroscopy coupled to ab initio MO calculations-both complete geometry optimisation and harmonic frequency calculation. The Raman spectra show characteristic features of these precursors, which allow their ready differentiation and identification. It was verified that the conformational behaviour of these systems is mainly determined by the stabilising effect of p-electron delocalisation.
Introduction
Nitroalkenes in general, and b-nitrostyrene derivatives in particular, are very versatile compounds in synthetic organic chemistry, namely as starting materials for the synthesis of a variety of useful building blocks such as nitroalkanes, amines, ketoximes, hydroxylamines and aldoximes. [1] [2] [3] Conjugated nitroalkenes are especially reactive, since they are excellent Michael acceptors both to organometallic reagents 4 and ascorbic acid. 5 The illegal manufacture of amphetamine-like drugs of abuse relies upon the preparation of the appropriate b-methyl-bnitrostyrene precursors, via Knoevenagel-type condensation. This route is one of the synthetic pathways used in the preparation of the following recreational drugs: 3,4-methylenedioxymethamphetamine (''ecstasy'' or MDMA), 3,4-methylenedioxyamphetamine (MDA), 4-methylthioamphetamine (MTA) and 4-methoxyamphetamine (PMA). 6 The abuse of psychoactive drugs such as the above mentioned ones is known to produce serious health problems in users, which can even result in death. While there has been much research on the effect of these drugs in humans, little has been investigated on the effect of the side products and synthetic reaction by-products. b-Nitrostyrene, an intermediate of amphetamine synthesis, has been shown to affect both cell viability and macrophage function. 7 Thus, ingestion of nitrostyrene-contaminated drugs of abuse (e.g. ''ecstasy'') is likely to have a considerable adverse effect on the user (namely on their immune response). 7 Since different synthetic precursors and intermediates are usually found in illegally produced drugs of abuse, 8 the determination of their presence in these products, as well as their thorough characterisation, is of considerable forensic interest as a means of tracking the clandestine laboratories engaged in the production of such drugs. In addition it could be an important tool for the knowledge of the toxicity profile of the drugs.
Raman spectroscopy has proved, in the last few years, to be a simple and reliable method for the determination of the composition profile of solid samples (e.g. seized ''ecstasy'' tablets). [9] [10] [11] [12] [13] Actually, due to its non-invasiveness, high sensitivity and good reproducibility, apart from the fact that it needs virtually no sample preparation, this technique is presently becoming an important tool for the screening of illicit drugs in forensic laboratories, once it yields unique fingerprint spectra, specific for each compound. Moreover the method can be applied either for pure compounds or mixtures.
Reports dealing with the identification of specific synthetic markers of amphetamine-like drugs are scarce. Although several synthetic routes are usually followed (Fig. 1) , namely the Leuckart method, the nitrostyrene route used in the present study is also a routine strategy, yielding intermediates with a high cytoxicity (unpublished data). The present work reports the spectral characterisation, through Raman spectroscopy, of the following synthetic precursors of amphetamine-like drugs: 3,4-methylenedioxy-b-methyl-b-nitrostyrene (3,4-MD-MeNS), 4-methoxy-b-methyl-b-nitrostyrene (4-MeO-MeNS) and 4-methylthio-b-methyl-b-nitrostyrene (4-MeS-MeNS). A complete conformational analysis of these compounds was also performed by ab initio MO methods-both complete geometry optimisation and harmonic frequency calculation-thus allowing a thorough assignment of the experimental spectral features. The results thus obtained will, in the future, allow a rapid and unequivocal spectroscopic identification of these synthetic precursors of illegally produced drugs of abuse.
Materials and methods

Synthesis
The synthesis of each b-methyl-b-nitrostyrene was performed as described in a recent paper, 14 using nitroethane and the benzaldehyde with the corresponding aromatic substitution pattern (Fig. 1) . The synthesised compounds were identified by both NMR and electron impact mass spectroscopy (EI-MS). 
4-Methylthio-b-methyl-b-nitrostyrene (4-MeS-MeNS
Apparatus
1
H and 13 C NMR data were acquired at room temperature, on a Brü ker AMX 300 spectrometer operating at 300.13 and 75.47 MHz, respectively. Dimethylsulfoxide-d 6 was used as a solvent. Chemical shifts are expressed in d (ppm) values relative to tetramethylsilane (TMS) as an internal reference; coupling constants (J) are given in Hz. Assignments were also made from DEPT (distortionless enhancement by polarization transfer) (underlined values). EI-MS was carried out on a VG AutoSpec instrument; the data are reported as m/z (% of relative intensity of the most important fragments). Melting points were obtained on a Kö fler microscope (Reichert Thermovar) and are uncorrected.
Ab initio MO calculations
The ab initio molecular orbital calculations-full geometry optimisation and calculation of the harmonic vibrational frequencies-were performed using the GAUSSIAN 98W program, 15 within the Density Functional Theory (DFT) approach in order to properly account for the electron correlation effects (particularly important in this kind of conjugated system). The widely employed hybrid method denoted by B3LYP, [16] [17] [18] [19] [20] [21] which includes a mixture of HF and DFT exchange terms and the gradient-corrected correlation functional of Lee, Yang and Parr, 22, 23 as proposed and parameterised by Becke, 24, 25 was used, along with the double-zeta split valence basis set 6-31G**. 26, 27 All frequency calculations were run at the B3LYP/6-31G** level, and wavenumbers above 400 cm 21 were scaled 28 before comparing them with the experimental data.
Molecular geometries were fully optimised by the Berny algorithm, using redundant internal coordinates: 29 The bond lengths to within ca. 0.1 pm and the bond angles to within ca. 0.1u. The final root-mean-square (rms) gradients were always less than 3 6 10 24 E h a 0 21 or E h rad
21
. No geometrical constraints were imposed on the molecules under study.
Spectroscopic methods
The Raman spectra were obtained at room temperature, on a triple monochromator Jobin-Yvon T64000 Raman system (0.640 m, f/7.5), with holographic gratings of 1800 grooves mm 21 
.
The detection system was a non-intensified CCD (Charge Coupled Device). The entrance slit was set to 200 mm and the slit between the premonochromator and the spectrograph was opened to 14.0 mm. The 514.5 nm line of an Ar 1 laser (Coherent, model Innova 300) was used as the excitation radiation, providing between 10 to 90 mW at the sample position. Under the above mentioned conditions, the error in wavenumbers was estimated to be within 1 cm
21
. Room-temperature FT-Raman spectra were recorded on an RFS-100 Bruker FT-spectrometer, using an Nd:YAG laser with an excitation wavelength of 1064 nm. Each spectrum is the average of two repeated measurements of 150 scans each, at a 2 cm 21 resolution. In all experiments, the samples were sealed in Kimax glass tubes of 0.8 mm inner diameter.
Chemicals
4-Methoxybenzaldehyde, 4-methylthiobenzaldehyde, 3,4-methylenedioxybenzaldehyde, ammonium acetate and nitroethane were obtained from Sigma-Aldrich Química S.A. (Sintra, Portugal). All other reagents and solvents were pro analysis grade, purchased from Merck (Lisbon, Portugal). 3 Results and discussion
Ab initio MO calculations
A complete geometry optimisation was carried out for the three b-methyl-b-nitrostyrene derivatives studied:
The effect of several structural parameters on the overall stability of these compounds was investigated, namely: (i) orientation of both the aromatic ring and the NO 2 group relative to the C 7 LC 8 bond-(C 1 C 7 C 8 N 10 ) dihedral equal to 0u or 180u, defining either a Z or an E configuration, respectively; (ii) position of the CH 3 and NO 2 groups relative to the ring-(C 2 C 1 C 7 C 8 ) dihedral either 0u or 180u.
3,4-Methylenedioxy-b-methyl-b-nitrostyrene. Four different conformers were calculated for 3,4-MD-MeNS, the most stable ones displaying an E orientation of both the aromatic ring and the terminal nitro group relative to the C 7 LC 8 bondconformers 1 (DE~0) and 2 (DE~0.6 kJ mol 21 ) (Fig. 3) , with populations at room temperature of 59% and 41%, respectively. In fact, the geometries with a dihedral (C 1 C 7 C 8 N 10 ) # 180u were found to be highly favoured relative to the ones displaying a Z conformation ((C 1 C 7 C 8 N 10 )~0u)-3,4-MDMeNS 3 (DE~19.4 kJ mol (Fig. 3) , which does not occur in the Z conformations. A higher deviation of the side carbon chain relative to the aromatic ring was detected for those geometries displaying an E conformation-3,4-MD-MeNS 1 ((C 2 C 1 C 7 C 8 )~223.5u) and 3,4-MD-MeNS 2 ((C 2 C 1 O 7 C 8 )~154.4u)-relative to the Z conformers-3,4-MD-MeNS 3 ((C 2 C 1 O 7 C 8 )~12.5u) and 3,4-MD-MeNS 4 ((C 2 C 1 O 7 C 8 )~2165.7u). This is due to steric hindrance effects between H atoms from the CH 3 group and the aromatic ring (H … H intramolecular distances between 215 and 219 pm), which can only occur in the E isomers. The NO 2 group displays a clear preference for planarity (dihedrals (C 1 C 7 C 8 N 10 ) and (C 7 C 8 N 10 O 11 ) around 177u in conformers 1 and 2, Table 1 ), once it allows a more effective electron delocalisation between the aromatic ring, the CLC double bond and the terminal NO 2 .
As expected for this kind of compound, the most stable conformers were found to display a slight deviation from planarity relative to the aromatic ring of both the methylenedioxy group ((C 2 C 3 O 13 C 16 )~176.9u; (C 3 O 13 C 16 O 14 )~7.0u, Table 1 ) and the carbon side chain ((C 2 C 1 C 7 C 8 )~223.5u; (C 1 C 7 C 8 C 9 )~24.4u, ), were found to be significantly populated at room temperature-53% and 47%, respectively, for both compounds (Fig. 4) . As previously discussed for 3,4-MD-MeNS, the higher stability of the E conformations is easily explained by an effective p-electron delocalisation (which is favoured for this geometry), along with the formation of a stabilising intramolecular H-bond between H 20 (CH 3 group) and O 11 (NO 2 group), with a (C)H 20 … O 11 (N) distance between 236 and 238 pm (Fig. 4) .
For these two para substituted nitrostyrenes, the Z conformations-4-MeO-MeNS 3 (DE~19.2 kJ mol
21
) and 4 (DE~20.0 kJ mol 21 ), 4-MeS-MeNS 3 (DE~19.3 kJ mol 21 ) and 4 (DE~20.0 kJ mol 21 )-were found to be highly unfavourable relative to the E ones, probably due to repulsive effects coupled to a less effective p-electron delocalisation. In fact, the Z conformers display strong intramolecular repulsions between atoms H 15 19 distance between 217 and 219 pm), which leads to a lower stabilisation. Moreover, in these Z isomers there is a slightly larger deviation of the nitro group relative to the carbon chain, resulting in a less effective p-electron delocalisation within the molecule and consequently to higher relative conformational energies-e.g. 4-MeO-MeNS 1 ((C 1 C 7 C 8 N 10 )~177.3u, (C 7 C 8 N 10 O 11 )~2177.2u)) vs. (Fig. 4) . For all energy minima, the OMe and SMe groups were found to be planar or quasi-planar relative to the aromatic ring ((C 3 C 4 O 13 C 14 )~20.2u, (C 3 C 4 S 13 C 14 )~0.3u, Tables 2 and 3 
Raman spectroscopy
The Raman spectra of the drug precursors investigated in this work (solid state) are represented in Fig. 5 , for both the 75-1750 cm 21 and 2200-3400 cm 21 regions. Experimental Raman wavenumbers for 3,4-MD-MeNS, 4-MeO-MeNS and Tables 4, 5 and 6, respectively, along with the calculated values for the two most stable conformers found for each compound. A complete assignment of the experimental vibrational features was carried out (Tables 4 to 6 ), in the light of both the theoretical results presently performed and the spectroscopic data previously reported for b-methyl-b-nitrostyrene derivatives 14, 30, 31 and similar systems.
4-MeS-MeNS are listed in
32-38
The main Raman spectral features common to all compounds studied were (Fig. 5) , is the most intense one in all the spectra presently recorded (Fig. 5) ), the latter with very low intensity (Tables 4 to 6). Despite the common vibrational features, the b-methyl-bnitrostyrene derivatives under study were found to give rise to distinctive Raman patterns, which allow them to be easily , respectively, as well as by the low intensity features observed at 1037 and 108.9 108.9 Dihedral angles/degrees C 1 -C 2 -C 3 -C 4 21.3 20.1
2177.2 2177.6 C 2 -C 3 -C 4 -S 13 2179.8 2179.5 C 3 -C 4 -S 13 
cm
21
, ascribed to n (C 4 O) and n (C 4 S), respectively (Fig. 5 , Tables 5 and 6) .
When comparing the results reported for b-methyl-bnitrostyrene (MeNS) 14 with the ones now obtained for compounds 4-MeO-MeNS and 4-MeS-MeNS, it is evident that the presence of a para substituent in the aromatic ring (either O-CH 3 or S-CH 3 ) has a strong effect on both the CH 3 and NO 2 Indeed, for these para substituted compounds it was found that an O A S substitution leads to a quite large downward shift of the C-O and C-S stretching modes: a deviation of 161 cm 21 was obtained for n (C 14 O) and n (C 14 S), while a 375 cm 21 shift was determined for n (C 4 O) and n (C 4 S) (Fig. 5 , Tables 5 and 6 ). This is easily explained by the decrease of the force constant of the C-S oscillator relative to the C-O one, due to the lower electronegativity of the S atom and the higher C-S bond length-135.8 (C 4 -O 13 ) vs. 177.5 pm (C 4 -S 13 ) and 142.2 (C 14 -O 13 ) vs. 182.2 pm (C 14 -S 13 ) (Tables 2 and 3) . Furthermore, the vibrational modes assigned to the methyl group, particularly the symmetric deformations, are rather sensitive to the electronegativity of the attached atom (either O or S). Therefore, by replacing oxygen by sulfur the corresponding band at 1432 cm 21 is shifted to 1332 cm 21 (Tables 5 and 6 ). Also, the O A S substitution is responsible for the deviation of d as (CH 3 ) from 1469 to 1409 cm 21 . Moreover, it was verified that replacing O by S substitution causes an upward shift of n as (NO 2 ) (1298 to 1313 cm 21 ) and a downward shift of d as (CH 3 ) chain (1469 to 1438 cm 21 ). These results suggest that p-electron delocalisation is more pronounced in 4-MeO-MeNS than in 4-MeS-MeNS, due to the electronegativity difference between the oxygen and sulfur atoms, this effect being very clearly reflected in the corresponding vibrational spectra, as discussed above.
A good overall agreement was obtained between the experimental and calculated frequency values, as well as between these results and data obtained by the authors for other nitrostyrenes derivatives, 14 namely b-methyl-b-nitrostyrene, the synthetic precursor of methamphetamine. Furthermore, the present results are in conformity with those previously reported for 2,5-dimethoxy-4-methyl-b-methyl-b-nitrostyrene (the precursor of 2,5-dimethoxy-4-methylamphetamine) 30 and similar systems. [31] [32] [33] [34] [35] [36] [37] [38] The present study allowed the assignment of specific vibrational features, characteristic of each of the b-methyl-bnitrostyrenes investigated. Therefore, these results will be very useful for the identification of compounds present in illegally manufactured drugs of abuse, as well as for determining the corresponding synthetic routes and, hopefully, for tracking the clandestine laboratories where production takes place. Several distinct conformers were obtained for these compounds, varying in the orientation of the CH 3 and NO 2 groups relative to both the aromatic ring and the C 7 LC 8 bond. A clear preference for a planar geometry was found in all cases, except when strong steric hindrance effects occurred in the planar conformations. In fact, the most stable geometries were found to be the ones allowing a more effective balance between the following parameters: p-electron delocalisation, minimisation of repulsive effects and formation of stabilising (C)H … O intramolecular close contacts. The results presently described are in very good accordance with the ones obtained in previous studies on similar b-nitrostyrene derivatives.
Conclusions
Despite their undisputable interest, the number of reported studies aiming at the identification of synthetic precursors of drugs of abuse by vibrational spectroscopy methods is very scarce. The present work intends to develop this field of research. In fact, the described results allow us to evaluate Raman spectroscopy, enabling rapid and non-destructive measurements, as a most promising tool for Forensic Sciences, as a screening method for the determination of the composition profiles of illicit substances, as well as for tracking clandestine laboratories. Actually, it was shown that even chemically similar intermediates are easily distinguished by this technique. It can also surpass other analytical methods currently used in criminal prosecutions once it allows the concomitant identification of both the active compound and its by-products. The method has the additional advantage of permitting its extension to the main metabolites of the amphetamine-like drugs presently investigated. Although analysis of multiple illicit preparations will still need to be carried out, in order to ensure reproducibility of the technique, it will hopefully be possible, in the near future, to rely on a Raman database that will constitute an invaluable tool, for both forensic control and toxicological studies.
